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(57) ABSTRACT

A method for producing a semiconductor optical device
includes the steps of forming first and second optical
waveguides; forming a first resin layer on the first and the
second optical waveguides; forming an opening in the first
resin layer; forming a first electrode in the opening; forming
a second resin layer on the first electrode and the first resin
layer; forming a groove in the second resin layer on the first
electrode; forming a second electrode on the second resin
layer, a side surface of the groove, and the top surface of the
first electrode; and forming a third electrode on the second
electrode. The second and third electrodes have a region in
which the second and third electrodes pass over the second
optical waveguide, and, in the region, the first and second
resin layers are disposed between the second electrode and
the second optical waveguide.
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1
METHOD FOR PRODUCING
SEMICONDUCTOR OPTICAL DEVICE AND
SEMICONDUCTOR OPTICAL DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for producing a
semiconductor optical device used for optical modulation and
a semiconductor optical device.

2. Description of the Related Art

Japanese Unexamined Patent Application Publication No.
2012-252290 discloses a semiconductor Mach-Zehnder
modulator used for modulating optical signals.

The Mach-Zehnder modulator disclosed in Japanese
Unexamined Patent Application Publication No. 2012-
252290 includes an optical waveguide having a high-mesa
structure. The optical waveguide includes an n-type InP clad-
ding layer, a quantum well active layer, a p-type InP cladding
layer, and a p-type contact layer stacked on an n-type InP
substrate. The optical waveguide is covered with a resin. An
electrode pad is disposed at a position away from the optical
waveguide. The electrode pad is disposed on the resin. A
metal interconnection that connects the optical waveguide
and the electrode pad passes above another optical
waveguide.

SUMMARY OF THE INVENTION

In the Mach-Zehnder modulator disclosed in Japanese
Unexamined Patent Application Publication No. 2012-
252290, a capacitor is formed between the metal interconnec-
tion and a semiconductor conductive layer (p-type semicon-
ductor layer or n-type semiconductor layer) included in the
optical waveguide. The capacitor formed between the metal
interconnection and a semiconductor conductive layer causes
the deterioration of frequency characteristics of the Mach-
Zehnder modulator. Therefore, a distance needs to be kept
between the metal interconnection and the top surface of the
optical waveguide to reduce the parasitic capacitance of the
capacitor.

To keep a distance between the metal interconnection and
the top surface of the optical waveguide, for example, a thick
resin layer may be disposed between the metal interconnec-
tion and the optical waveguide. However, use of a thick resin
layer makes it difficult to form an electrode on the optical
waveguide. Such a thick resin layer causes the ununiformity
of the depth of an opening for forming an electrode. If the
opening is excessively deep, an electrode is formed not only
onthe top surface ofthe optical waveguide but also on the side
surface of the optical waveguide. Consequently, a capacitor is
formed between the electrode formed on the side surface and
the semiconductor conductive layer. Therefore, the parasitic
capacitance related to the electrode formed on the side surface
is also formed. In the Mach-Zehnder modulator, it is difficult
to simultaneously reduce the parasitic capacitance due to the
metal interconnection and the parasitic capacitance due to the
electrode formed on the side surface as described above.

A method for producing a semiconductor optical device
according to an aspect of the present invention includes the
steps of (a) forming a first optical waveguide and a second
optical waveguide on a principal surface of a substrate; (b)
forming a first resin layer on the principal surface of the
substrate, on top surfaces of the first and the second
waveguides, and on side surfaces of the first and second
optical waveguides; (c) forming an opening in the first resin
layer on the first optical waveguide; (d) forming a first elec-
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trode in a part of the opening, the first electrode being in
contact with the top surface of the first optical waveguide
through the opening; (e) forming a second resin layer on the
first electrode and on the first resin layer, the second resin
layer filling the opening; (f) forming a groove by etching the
second resin layer until a top surface of the first electrode is
exposed; (g) forming a second electrode on the second resin
layer, on a side surface of the groove, and on the top surface
of'the first electrode; and (h) forming a third electrode on the
second electrode. The third electrode is configured to fill the
groove. The second and third electrodes have a region in
which the second and third electrodes pass over the second
optical waveguide. In addition, in the region, the first and
second resin layers are disposed between the second elec-
trode and the second optical waveguide, the second electrode
being separated at a predetermined distance from the top
surface of the second optical waveguide.

According to the method for producing a semiconductor
optical device, a resin layer constituted by the first resin layer
and the second resin layer is disposed on the second optical
waveguide. A metal interconnection constituted by the sec-
ond electrode and the third electrode is disposed on the resin
layer. Therefore, the resin layer is disposed between the metal
interconnection and the second optical waveguide. Thus, a
large distance is provided between the metal interconnection
and the second optical waveguide. This suppresses the para-
sitic capacitance formed between the metal interconnection
and the second optical waveguide. Furthermore, the opening
is formed after the first resin layer is formed. Therefore, the
depth of the opening can be made uniform. Thus, the first
electrode is not formed on the side surface of the first optical
waveguide. This suppresses the parasitic capacitance formed
between the first electrode and the first optical waveguide.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, the
second resin layer preferably has a thickness larger than a
height of the second optical waveguide in the region in which
the second and third electrodes pass over the second optical
waveguide. According to this production method, the second
resin layer is thickly formed. Therefore, the metal intercon-
nection is disposed away from the second optical waveguide.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, in the
step of forming the first resin layer, the first resin layer pref-
erably has a surface higher than the top surface of the first
optical waveguide. The surface of the first resin layer is sepa-
rated at a predetermined distance from the top surface of the
first optical waveguide. The distance between the surface of
the first resin layer and the top surface of the first optical
waveguide is preferably smaller than one half of the height of
the first optical waveguide. According to this production
method, since the first resin layer is thin, the ununiformity of
the depth of the opening is reduced. Thus, the formation of an
electrode on the side surface of the first optical waveguide is
avoided.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, in the
step of forming the groove, the groove preferably has a width
smaller than a width of the first electrode at a bottom surface
of'the groove. According to this production method, the etch-
ing of the second resin layer is stopped when the top surface
of the first electrode is exposed. Therefore, the second and
third electrodes are not formed on the side surface of the first
optical waveguide.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, in the
step of forming the groove, the groove preferably has the side
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surface being extended in a direction substantially perpen-
dicular to the principal surface of the substrate. According to
this production method, the second and third electrodes are
formed so as to have a substantially uniform width. Thus, the
parasitic capacitance between the second and third electrodes
and the first optical waveguide is reduced.

The method for producing a semiconductor optical device
according to the aspect of the present invention may further
include the steps of before the formation of the second resin
layer, forming an insulating layer on the first resin layer and
on the first electrode; and after the formation of the groove in
the second resin layer, etching the insulating layer using the
second resin layer as a mask until the top surface of the first
electrode is exposed. According to this production method, an
insulating layer is formed between the second resin layer and
the first electrode. This increases the adhesion between the
second resin layer and the first electrode.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, in the
step of forming the opening, the opening preferably has a
width larger than a width of the first optical waveguide at a
bottom surface of the opening. In addition, in the step of
forming the first electrode, the first electrode preferably has a
width larger than the width of the first optical waveguide.
According to this production method, the width of the first
electrode can be made uniform.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, the
second electrode is preferably formed by a sputtering method,
and the third electrode is preferably formed by a plating
method. According to this production method, the second
electrode can be formed on the vertical side surface of the
groove. Furthermore, the groove is filled with the third elec-
trode. Thus, the electrode in the groove and the electrode on
the second resin layer are connected to each other.

In the method for producing a semiconductor optical
device according to the aspect of the present invention, in the
step of forming the groove, the groove is preferably extended
in a direction parallel to the first optical waveguide, and the
side surface of the groove is preferably entirely surrounded by
the second resin layer. According to this production method,
the second electrode is formed on the side surface of the
groove surrounded by the second resin layer. Furthermore,
the groove is filled with the third electrode.

A semiconductor optical device according to another
aspect of the present invention includes an active waveguide
disposed on a principal surface of a substrate; an optical
waveguide optically connected to the active waveguide; a first
electrode in contact with atop surface of the active
waveguide; a first resin layer burying the active waveguide
and the optical waveguide; a second resin layer disposed on a
surface of the first resin layer, on the active waveguide, and on
the optical waveguide, the second resin layer having a groove
on the first electrode; a second electrode disposed on the
second resin layer and on a side surface of the groove in the
second resin layer, the second electrode being electrically
connected to the first electrode; and a third electrode disposed
on the second electrode, the groove being filled with the third
electrode. The second resin layer between the second elec-
trode and the optical waveguide has a thickness larger than a
height of the optical waveguide.

According to this semiconductor optical device, the metal
interconnection constituted by the second electrode and the
third electrode is disposed on a top surface of a resin layer
constituted by the first resin layer and the second resin layer.
This increases the distance between the metal interconnection
and the optical waveguide. Thus, the parasitic capacitance
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between the metal interconnection and the optical waveguide
is reduced. Since the groove that penetrates through the sec-
ond resin layer is formed on the first electrode, the second and
third electrodes are not formed on the side surface of the
active waveguide. Thus, the parasitic capacitance between the
second and third electrodes and the active waveguide is
reduced.

In the semiconductor optical device according to the
present invention, the surface of the first resin layer is pref-
erably separated at a predetermined distance from the top
surface of the active waveguide. The distance between the
surface of the first resin layer and the top surface of the active
waveguide may be smaller than one half of the height of the
active waveguide. According to this semiconductor optical
device, the opening formed in the first resin layer is shallow.
Therefore, the depth of the opening can be made uniform.
Thus, the formation of the first electrode on the side surface of
the active waveguide is prevented.

In the semiconductor optical device according to the
present invention, the groove preferably has a width smaller
than a width of the first electrode at a bottom portion of the
groove. According to this semiconductor optical device, the
groove is formed without protruding from a region on the first
electrode. Therefore, the formation of the second and third
electrodes on the side surface of the active waveguide is
avoided.

In the semiconductor optical device according to the
present invention, the side surface of the groove is preferably
extended in a direction substantially perpendicular to the
principal surface of the substrate. According to this semicon-
ductor optical device, the second and third electrodes have a
substantially uniform width in the groove. This reduces the
parasitic capacitance between the second and third electrodes
and the active waveguide.

The semiconductor optical device according to the present
invention may further include an insulating layer between the
first resin layer and the second resin layer and between the
first electrode and the second resin layer. According to this
semiconductor optical device, an insulating layer is formed
between the second resin layer and the first electrode. Thus,
the adhesion between the second resin layer and the first
electrode is increased, which prevents the peeling.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view showing a semiconductor optical
device according to a first embodiment of the present inven-
tion.

FIG. 2 is a sectional view showing the semiconductor
optical device according to the first embodiment of the
present invention.

FIG. 3 is a sectional view showing the semiconductor
optical device according to the first embodiment of the
present invention.

FIGS. 4A and 4B are diagrams for describing a method for
producing a semiconductor optical device according to the
first embodiment of the present invention.

FIGS. 5A and 5B are diagrams for describing the method
for producing a semiconductor optical device according to the
first embodiment of the present invention.

FIGS. 6 A and 6B are diagrams for describing the method
for producing a semiconductor optical device according to the
first embodiment of the present invention.

FIGS. 7A and 7B are diagrams for describing the method
for producing a semiconductor optical device according to the
first embodiment of the present invention.
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FIGS. 8A and 8B are diagrams for describing the method
for producing a semiconductor optical device according to the
first embodiment of the present invention.
FIG. 9 is a sectional view showing a semiconductor optical
device according to a second embodiment of the present
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A method for producing a semiconductor optical device
and a semiconductor optical device according to embodi-
ments of the present invention will now be described in detail
with reference to the attached drawings. In the description of
the drawings, the same elements are designated by the same
reference numerals, and the description therefor is omitted to
avoid redundancy.

First Embodiment

FIG. 1 is a plan view showing a semiconductor optical
device according to an embodiment of the present invention.
A semiconductor optical device 10 includes a substrate 11,
active waveguides 12a and 124, an optical waveguide 13,
upper electrodes 12¢ and 124, and a metal interconnection 14.
The active waveguides 12a and 126 and the optical
waveguide 13 are disposed on the substrate 11. The active
waveguides 12a and 125 are optically connected to the optical
waveguide 13. The optical waveguide 13 includes an input
waveguide 13a, optical couplers 136 and 13¢, and an output
waveguide 13d. The active waveguide 12a is electrically con-
nected to the upper electrode 12¢ and the active waveguide
125 is electrically connected to the upper electrode 12d. The
metal interconnection 14 includes input interconnections 14a
and 145, output interconnections 14¢ and 144, and a lower
electrode 14e. The input interconnection 14a and the output
interconnection 14¢ are connected to the upper electrode 12c¢.
The input interconnection 145 and the output interconnection
14d are connected to the upper electrode 12d. The lower
electrode 14e is disposed between the active waveguides 12a
and 1256 and is electrically connected to the active waveguides
12a and 125. The upper electrodes 12¢ and 124 are in contact
with the active waveguides 12a and 125. The contact length of
the upper electrode 12¢ and the active waveguide 12a is 3
mm. The contact length of the upper electrode 124 and the
active waveguide 126 is 3 mm.

The operation of the semiconductor optical device 10 will
be described. Light is input to the input waveguide 13a and
branched into the active waveguides 12a and 124 by the
optical coupler 135. Electrical signals are input to the input
interconnections 14a and 14b. The electrical signals are
applied to the active waveguides 12a and 125 through the
upper electrodes 12¢ and 124, respectively. As a result of the
application of the electrical signals, light guided in the active
waveguides 12a and 125 is modulated. The modulated light is
multiplexed in the optical coupler 13¢ and output from the
output waveguide 134 as signal light.

FIG. 2 is a sectional view taken along line II-II of FIG. 1.
The active waveguides 12a and 125 are disposed on a princi-
pal surface 11a ofthe substrate 11. The active waveguides 12a
and 125 each include a lower contact layer 21, a lower clad-
ding layer 22, a core layer 23, an upper cladding layer 24, and
anupper contact layer 25. The upper electrode 12¢ is disposed
on the active waveguide 12a. The upper electrode 12d is
disposed on the active waveguide 125. The upper electrodes
12¢ and 12d are each constituted by a first electrode 41, a
second electrode 42, and a third electrode 43. The lower
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electrode 14e is disposed between the active waveguides 12a
and 125. The lower electrode 14¢ is constituted by the second
electrode 42, the third electrode 43, and a fourth electrode 44.
Electrical signals are applied to the upper cladding layers 24,
the core layers 23, and the lower cladding layers 22 through
the upper electrodes 12¢ and 124 and the lower electrode 14e.

The substrate 11 is composed of, for example, semi-insu-
lating InP. The lower contact layer 21 is an n-type InP layer
doped with Si and has a thickness of 0.6 um. Each of the lower
cladding layers 22 is composed of n-type InP doped with Si
and has a thickness of 0.6 um. Each of the core layers 23 has
a multi quantum well (MQW) structure in which GalnAsP
and InP are alternately stacked and has a thickness of 0.3 pm.
Each of the upper cladding layers 24 is composed of p-type
InP doped with Zn and has a thickness of 1.3 pm. Each of the
upper contact layers 25 is composed of p-type InGaAs doped
with Zn and has a thickness 0of 0.2 um. The active waveguides
12a and 125 have a width of for example, 1.5 um. The active
waveguides 12a and 1256 have a height defined as “h0”. The
height hO is, for example, 2.5 um.

The side surfaces of the active waveguides 12a and 125 are
each covered with a first insulating layer 51. The first insu-
lating layer 51 is, for example, a SiO, layer having a thickness
of 0.2 um. The surface of the first insulating layer 51 is
covered with a first resin layer 52. The first resin layer 52 is
composed of, for example, benzocyclobutene (BCB) resin.
Thetop surface of the first resin layer 52 is located higher than
the top surfaces of the active waveguides 12a and 125. The
distance between the top surface of the first resin layer 52 and
the top surfaces of the active waveguides 12a and 125 is
defined as “h1”. The distance hl is preferably smaller than
one half of the height h0. When the height h0 is 2.5 pm, the
distance hl is, for example, 1 pm. An opening is disposed on
the active waveguides 12a and 12b. A first electrode 41 is
disposed in the opening. Herein, since the distance hl is
small, the opening is shallow. This shallow opening reduces
the ununiformity of the depth of the opening. Thus, the first
electrode 41 is not formed on the side surfaces of the active
waveguides 12a and 124. This reduces the parasitic capaci-
tance between the first electrode 41 and each of the active
waveguides 12a and 1256. Consequently, the modulation char-
acteristics of the semiconductor optical device 10 (optical
modulator) in a high-frequency region are improved.

The first electrode 41 is in contact with each of the top
surfaces of the active waveguides 12a and 125. For example,
the first electrode 41 has a thickness of 0.6 um, a width of 4
um, and a length of'3 mm. The first electrode 41 is a metal film
including three layers of Ti/Pt/Au. A second insulating layer
53, a second resin layer 54, and a third insulating layer 55 are
disposed on the first electrode 41. The second insulating layer
53 and the third insulating layer 55 are composed of Si0, and
have a thickness of 0.3 um. The second resin layer 54 is
composed of BCB resin.

Grooves 31a and 315 are formed so as to penetrate through
the second insulating layer 53, the second resin layer 54, and
the third insulating layer 55. The grooves 31a and 315 each
have a side surface that extends in a direction substantially
perpendicular to the principal surface 11a of the substrate 11.
The width w2b of the bottom surface of each of the grooves
31a and 315 is about 2 um. The grooves 31a and 315 have a
depth of about 4 um and a length 0of 2.9 mm. The length of the
grooves 31a and 315 is smaller than that of the first electrode
41. The grooves 31a and 315 are disposed along the active
waveguides 12a and 126 and terminated on the active
waveguides 12a¢ and 125, respectively. The side surface of
each of the grooves 31a and 315 is entirely surrounded by the
second resin layer 54. A second electrode 42 and a third
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electrode 43 are disposed in each of the grooves 31a and 315.
The side surface of each of the grooves 31a and 315 is covered
with the second electrode 42. The second electrode 42 is
composed of TiW and has a thickness of, for example, 0.05
um. An inner space defined by the second electrode 42 is filled
with the third electrode 43. The third electrode 43 is com-
posed of Au and has a thickness of, for example, 3.5 pm.

The side surfaces of the grooves 31a and 315 are extended
in a direction substantially perpendicular to the principal
surface 11a of the substrate 11. Thus, the second electrode 42
and the third electrode 43 each have the substantially uniform
width and shape in the grooves 31a and 314. That is, the
second electrode 42 and the third electrode 43 each have an
elongated shape. This can reduce the parasitic capacitance
between the second and third electrodes 42 and 43 and the
active waveguides 12a and 125. The width w2b of the bottom
surface of each of the grooves 31a and 315 is smaller than the
width of the first electrode 41. That is, the grooves 31a and
315 do not protrude from a region on the first electrode 41.
Thus, the second and third electrodes 42 and 43 are not
formed on the side surfaces of the active waveguides 12a and
12b.

The second insulating layer 53 covers the edges of the first
electrode 41 at the bottom surface of each of the grooves 31a
and 315. The second insulating layer 53 covers the edges of
the first electrode 41 so as to extend over a distance of, for
example, 1 um. Thus, the second resin layer 54 is in contact
with the second insulating layer 53, but is not in contact with
the first electrode 41. Insulating layers have higher adhesion
to electrodes than resin layers. Therefore, the second resin
layer 54 is not easily peeled off from the first electrode 41 at
the edges of the first electrode 41 covered with the second
insulating layer 53. Furthermore, the third insulating layer 55
is disposed on the surface of the second resin layer 54. This
improves the adhesion between the second electrode 42 and a
base of the second electrode 42.

A lower opening 32 is formed between the active
waveguides 12a and 125. The lower opening 32 is formed so
as to penetrate through the second insulating layer 53, the
second resin layer 54, and the third insulating layer 55. A
fourth electrode 44 is disposed at the bottom the lower open-
ing 32. The fourth electrode 44 is in contact with the lower
contact layer 21. The fourth electrode 44 is composed of an
AuGeNi alloy and has a thickness of 0.3 pm. The fourth
electrode 44 has a width of 20 um. The second electrode 42
and the third electrode 43 are disposed along the side surface
of the lower opening 32. The fourth electrode 44, the second
electrode 42, and the third electrode 43 constitute the lower
electrode 14e. The lower opening 32 has a width of 16 pm.
The second insulating layer 53 covers the edges of the fourth
electrode 44. The width of a portion of the second insulating
layer 53 that covers each edge is 2 um. By covering the edges
with the second insulating layer 53, the adhesion between the
fourth electrode 44 and the second resin layer 54 is improved.

FIG. 3 is a sectional view taken along line III-1II of FIG. 1.
The input interconnection 14a is constituted by the second
electrode 42 and the third electrode 43. The input intercon-
nection 144 has one end disposed on the second insulating
layer 53 that is in contact with the substrate 11. At the one end
of the input interconnection 14aq, the first resin layer 52 is
removed and the second resin layer 54 is also removed. The
one end of the input interconnection 14a is used as an elec-
trode pad for wire bonding. The electrode pad has a width of
100 um. As a resin layer is not disposed below the electrode
pad, the adhesion between the electrode pad and the substrate
11 is improved.
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The input interconnection 14aq is disposed on the surface of
the second resin layer 54 and on the third insulating layer 55.
The input interconnection 14a has a region in which the input
interconnection 14a passes over the optical waveguide 13. In
that region, the first insulating layer 51, the first resin layer 52,
the second insulating layer 53, the second resin layers 54, and
the third insulating layer 55 are disposed between the input
interconnection 14a and the optical waveguide 13. The dis-
tance between the top surface of the second resin layer 54 and
the substrate 11 is 7 pm. The input interconnection 14a has a
width of 30 um. The input interconnection 144 has the other
end that is connected to the upper electrode 12¢.

The optical waveguide 13 includes the lower contact layer
21, the lower cladding layer 22, the core layer 23, and the
upper cladding layer 24. The optical waveguide 13 has a
width of, for example, 1.5 pm and a height of; for example,
2.5 um. The optical waveguide 13 has the same height as the
height hO of the active waveguides 12a and 125 because the
optical waveguide 13 and the active waveguides 12a and 125
are formed in a same etching step. The distance between the
top surface of the second resin layer 54 and the top surface of
the optical waveguide 13 is defined as “h2”. The distance h2
is larger than the height hO of the optical waveguide 13. In this
embodiment, the distance h2 is 4.5 pm. Since the distance
between the input interconnection 14a and the optical
waveguide 13 is large, the parasitic capacitance is reduced.

FIGS. 4A to 8B are diagrams for describing a method for
producing a semiconductor optical device according to the
first embodiment of the present invention.

A lower contact layer 21, a lower cladding layer 22, a core
layer 23, an upper cladding layer 24, and an upper contact
layer 25 are grown on a principal surface 11a of a substrate
11. These layers are grown by an organo-metallic vapor phase
epitaxy (OMVPE) method. Subsequently, the upper contact
layer 25 is partially removed by wet etching in a region in
which an optical waveguide 13 is to be formed.

The layers are dry-etched using Cl, gas, HI gas, or the like.
Consequently, mesa-shaped active waveguides 12a and 125
are formed as shown in FIG. 4A. The active waveguides 12a
and 126 have a width of 1.5 pm and a height h2 of 2.5 um. The
optical waveguide 13 is also formed by the same etching step.

Subsequently, the lower contact layer 21 is dry-etched. As
shown in FIG. 4B, the substrate 11 is exposed at both ends of
the lower contact layer 21. Thus, a plurality of semiconductor
optical devices 10 to be produced on the substrate 11 are
electrically isolated from each other.

Subsequently, as shown in FIG. 5A, a first insulating layer
51 and a first resin layer 52 are formed. The first insulating
layer 51 is formed so as to cover the active waveguides 12a
and 125, the lower contact layer 21, and the substrate 11. The
first insulating layer 51 is composed of, for example, SiO,.
The first insulating layer 51 has a thickness of 0.2 um. The
first insulating layer 51 is formed by a chemical vapor depo-
sition (CVD) method. The first resin layer 52 is formed on the
first insulating layer 51. The first resin layer 52 is formed by
a spin coating method. The firstresin layer 52 is composed of,
for example, BCB resin. The thickness of the first resin layer
52 is controlled by adjusting the rotational speed in the spin
coating and the viscosity of the resin. The first resin layer 52
has such a thickness that the top surface of the first resin layer
52 is located higher than the top surfaces of the active
waveguides 12a and 125. The active waveguides 12a and 125
and the optical waveguide 13 are buried under the first resin
layer 52. The distance between the top surface of the first resin
layer 52 and the top surfaces of the active waveguides 12a and
125 is defined as “h1”. The thickness of the first resin layer 52
is set so that the distance hl is smaller than one half of the
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height hO of the active waveguides 12a and 125. Thus, the
ununiformity of etch depth is reduced in a step of etching the
first resin layer 52.

Subsequently, as shown in FIG. 5B, first upper openings
61a and 615 and a first lower opening 62 are formed. The first
resin layer 52 is dry-etched using a first resist mask to form
the first upper openings 61a and 615. The first resist mask has
openings on the active waveguides 12a and 126. A mixture
gas of CF, and O, is used in this dry-etching. Thus, the first
insulating layer 51 is exposed on the active waveguides 12a
and 125. Before this dry etching is performed, an etching rate
for the first resin layer 52 is measured using a test sample to
avoid over-etching. An etching time necessary for exposing
the first insulating layer 51 is calculated using the etching
rate. The etching of the first resin layer 52 is stopped after the
calculated etching time is passed.

The exposed first insulating layer 51 is dry-etched using
CF, gas. In this etching, the first resin layer 52 is also etched
at the same time. The etching conditions are selected so that
the etching rate for the first insulating layer 51 is substantially
equal to that for the first resin layer 52. Thus, the top surfaces
of'the first insulating layer 51, the first resin layer 52, and the
upper contact layer 25 are made flat at the bottom surfaces of
the first upper openings 61a and 615.

The width w1b of the bottom surface of each of the first
upper openings 61a and 615 is 6 um. The width wlb is
preferably 5 atm to 10 pm. If the width wlb is less than 5 um,
it is difficult to control the width of a first electrode 41 in a step
performed later, if the width w1b is more than 10 um, a recess
is formed on the surface of a second resin layer 54 in a step
performed later. The recess makes it difficult to control the
width of grooves 31a and 314.

The width w1b of the bottom surface of each of the first
upper openings 61a and 615 is larger than the width of the
active waveguides 12a and 125. Therefore, if an over-etching
of the first resin layer 52 is caused, the side surfaces of the
active waveguides 12a and 125 are exposed. In a step per-
formed later, a first electrode 41 is formed on the exposed side
surfaces of the active waveguides 12a and 126. Consequently,
the parasitic capacitance related to the first electrode 41
formed on the side surfaces is formed. The parasitic capaci-
tance causes an unfavorable deterioration in the frequency
characteristics of the semiconductor optical device 10 (modu-
lator). If the depth of over-etching is larger than about one
tenth of the height of the active waveguide, the characteristics
of'the modulator markedly degrade. Therefore, the etch depth
of the first resin layer 52 needs to be carefully controlled.

The etching rate is not necessarily uniform in an etching
chamber for dry-etching. When the etching is stopped with
reference to an low etching rate, an over-etching of an active
waveguide occurs in other places of the etching chamber with
higher etching rates.

In this embodiment of the present invention, the etch depth
of the first resin layer 52 is the distance h1, which is smaller
than half the height hO of the active waveguide. Even if the
etching rate has a variation of, for example, 10%, the depth of
over-etching is as small as one twentieth of the height hO or
less because the etch depth is small. The depth of over-etching
is sufficiently smaller than the depth at which the character-
istics of the modulator markedly degrade.

Subsequently, a second resist mask is formed on the sur-
face of the first resin layer 52 to form the first lower opening
62. The second resist mask has an opening in an area between
the active waveguides 12a and 124. In addition, the resist
mask has an opening in areas where electrode pads are to be
disposed. The first resin layer 52 is dry-etched using a mixture
gas of CF, and O,. The dry etching is stopped when the first
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insulating layer 51 is exposed. The exposed first insulating
layer 51 is removed by dry etching that uses CF, gas.

Subsequently, a resist mask for first lift-off is formed by
photolithography. The resist mask for first lift-off has open-
ings in the first upper openings 61a and 615. A metal film
composed of Ti/Pt/Au is deposited by an evaporation method.
After the resist mask for first lift-off is removed, first elec-
trodes 41 are formed as shown in FIG. 6A. The first electrodes
41 have a width of 4 um and a thickness of 0.6 um. A resist
mask for second lift-off is then formed. The resist mask for
second lift-off has an opening in the first lower opening 62. A
metal film composed of an AuGeNi alloy is deposited by an
evaporation method. After the resist mask for second lift-off
is removed, a fourth electrode 44 is formed as shown in FIG.
6A. The fourth electrode 44 has a width of 20 um and a
thickness of 0.3 pm.

Subsequently, a second insulating layer 53 is deposited by
a sputtering method. The second insulating layer 53 is com-
posed of SiO, and has a thickness of 0.3 pm. A second resin
layer 54 is then formed by a spin coating method. The second
resin layer 54 is composed of BCB resin. The second resin
layer 54 has a thickness of 3 pm on the optical waveguide 13.
As shown in FIG. 6B, the first upper openings 61a and 615
and the first lower opening 62 are filled with the second resin
layer 54. The first electrodes 41 and the fourth electrode 44
are also buried under the second resin layer 54. A third insu-
lating layer 55 is deposited on the second resin layer 54 by a
sputtering method. The third insulating layer 55 is composed
of' SiO, and has a thickness of 0.3 um. The formation of the
third insulating layer 55 improves the adhesion between a
second electrode 42 and a base of the second electrode 42.
The distance between the top surface of the second resin layer
54 and the top surface of the optical waveguide 13 is defined
as “h2” (refer to FIG. 3). The thickness of the second resin
layer 54 is selected so that the distance h2 is larger than the
height hO of the optical waveguide 13. In this embodiment,
when the height h0 is 2.5 um, the distance h2 is 4.5 um. Thus,
the formation of the parasitic capacitance due to the second
and third electrodes 42 and 43 is prevented in a region on the
optical waveguide 13.

Subsequently, a third resist mask is formed on the third
insulating layer 55. The third resist mask has openings on the
first electrodes 41. The width of the openings of the third
resist mask is smaller than that of the first electrodes 41. The
third insulating layer 55, the second resin layer 54, and the
second insulating layer 53 are dry-etched using the resist
mask. The dry etching is performed using a mixture gas of
CF, and O,. As shown in FIG. 7A, grooves 31a and 315 are
formed. The width w2b of the bottom surface of each of the
grooves 31a and 315 is 2 pm.

The dry etching for the grooves 31a and 315 is performed
under such conditions that an ion density is high and a direc-
tivity of ions is also high. For example, inductive coupled
plasma reactive ion etching (ICP-RIE) can be employed. By
employing ICP-RIE, the grooves 31a and 315 are formed so
that the side surfaces of the grooves 31a and 315 have an angle
substantially perpendicular to the principal surface 11a of the
substrate 11. The angle between the side surfaces of the
grooves 31a and 315 and the principal surface 11a is, for
example, 88 degrees. The width in upper portions of the
grooves is larger than that in lower portions of the grooves.

The etching gas has a low etching rate for the first elec-
trodes 41. Therefore, the first electrodes 41 are hardly etched
and the dry etching stops at the surfaces of the first electrodes
41. Consequently, the etch depth is made uniform even when
the etching rate varies. The width w2b of the grooves 31a and
315 is smaller than the width of the first electrodes 41. Thus,
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grooves are not formed on the side surfaces of the active
waveguides 12a and 124. In a step performed later, a second
electrode 42 and a third electrode 43 are not formed on the
side surfaces of the active waveguides 12« and 125.

The width w2b of the grooves 31a and 315 is smaller than
the width of the first electrodes 41. Thus, the second insulat-
ing layer 53 is left on the edges of each first electrode 41. This
provides a structure in which the edges of the first electrode
41 are covered with the second insulating layer 53. Since both
edges of the first electrode 41 are covered with the second
insulating layer 53, the second resin layer 54 is not in contact
with the first electrode 41. Thus, the second resin layer 54 is
not easily peeled off from the first electrode 41.

The side surfaces of the grooves 31a and 315 have an angle
substantially perpendicular to the principal surface 11a. This
prevents the generation of the parasitic capacitance between
the second and third electrodes 42 and 43 formed in the
grooves 31a and 315 and the active waveguides 12a and 125.
The angle between the side surfaces and the principal surface
11a is preferably 75 to 90 degrees.

A fourth resist mask is formed on the third insulating layer
55. The fourth resist mask has openings on the fourth elec-
trode 44. In addition, the fourth resist mask has an opening in
an area where electrode pads are to be disposed. The width of
the opening on the fourth electrode 44 is smaller than that of
the fourth electrode 44. The third insulating layer 55, the
second resin layer 54, and the second insulating layer 53 are
dry-etched using the fourth resist mask. The dry etching is
performed using a mixture gas of CF, and O,. Consequently,
a lower opening 32 is formed as shown in FIG. 7A. The width
of the bottom surface of the lower opening 32 is 16 pm.

In the area where electrode pads are to be disposed, the
third insulating layer 55 and the second resin layer 54 are
removed by dry etching. In this area, the second insulating
layer 53 is exposed.

Subsequently, a second electrode 42 is deposited by a sput-
tering method. The second electrode 42 is composed of TiW
and has a thickness of 0.05 pm. As shown in FIG. 7B, the
second electrode 42 is deposited so as to cover the third
insulating layer 55, the second resin layer 54, the first elec-
trodes 41, and the fourth electrode 44. The side surfaces of the
grooves 31a and 315 extend in a substantially vertical direc-
tion. By employing a sputtering method, the second electrode
42 canbe appropriately deposited on the substantially vertical
side surfaces of the grooves 31a and 315.

Subsequently, plating is performed using a resist mask for
plating. The resist mask for plating has openings in regions
corresponding to the grooves 31a and 315 and the lower
opening 32. The resist mask for plating has an opening in an
area where electrode pads are to be disposed. A third elec-
trode 43 is plated on a portion of the second electrode 42
which is not covered with the resist mask for plating. The
third electrode 43 is also plated on a portion of the fourth
electrode 44 which is not covered with the resist mask for
plating. The third electrode 43 is composed of Au and has a
thickness of 3.5 pum. The width of the grooves 31a and 3154 is
smaller than the thickness of the plated third electrode 43.
Thus, the grooves 31a and 3154 are filled with the third elec-
trode 43. After the third electrode 43 is formed, the resist
mask for plating is removed. The third electrode 43 is formed
as shown in FIG. 8A.

Subsequently, the second electrode 42 is removed by anion
milling method. The ion milling method is performed using
argon ions. A portion of the second electrode 42 which is not
covered with the third electrode 43 is removed. Another por-
tion of the second electrode 42 which is covered with the third
electrode 43 is left. As shown in FIG. 8B, the upper electrodes
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12¢ and 12d constituted by the first electrode 41, the second
electrode 42 and the third electrode 43 are obtained. In addi-
tion, the metal interconnection 14 constituted by the second
electrode 42 and the third electrode 43 is obtained. Herein, the
metal interconnection 14 includes input interconnections 14a
and 145, output interconnections 14¢ and 144, and a lower
electrode 14e (refer to FIG. 1).

In the method for producing a semiconductor optical
device 10 according to this embodiment, the distance
between the optical waveguide 13 and the metal interconnec-
tion 14 increases as described above. Furthermore, no elec-
trodes are formed on the side surfaces of the active
waveguides 12a and 1256. Accordingly, a modulator having
low parasitic capacitance and good characteristics is pro-
vided.

Second Embodiment

The same structures as in the first embodiment and the
same parts in the production method as in the first embodi-
ment are designated by the same reference numerals, and the
description thereof is omitted. FIG. 9 is a sectional view
showing a semiconductor optical device according to a sec-
ond embodiment ofthe present invention. FIG. 9 is a sectional
view taken along line II-1I of FIG. 1.

The first electrode 41 is disposed so as to be in contact with
the top surface of each of the active waveguides 124 and 125.
The second insulating layer 53, the second resin layer 54, and
the third insulating layer 55 are disposed on the first electrode
41. In the second embodiment, second upper openings 71a
and 715 are formed, instead of the grooves 31a and 315 of the
first embodiment. The side surfaces of the second upper open-
ings 71a and 715 are different from the side surfaces of the
grooves 31a and 315 in terms of the angle relative to the
principal surface 11a. The angle of the side surfaces of the
second upper openings 71a and 715 relative to the principal
surface 11a is 45 to 75 degrees.

The width w3b of the bottom surface of each of the second
upper openings 71a and 715 is smaller than the width of the
first electrode 41. Thus, the second electrode 42 and the third
electrode 43 are also not formed on the side surfaces of the
active waveguides 12a and 126 in the second embodiment.

A method for controlling the angle of the second upper
openings 71a and 715 will be described. The second upper
openings 71a and 715 are formed by dry-etching the second
resin layer 54 and the second insulating layer 53. The dry
etching is performed using a mixture gas of CF, and O,. This
dry etching is performed under etching conditions such as low
ion density and low directivity of ions. Thus, the second upper
openings 71a and 715 are formed so that the side surfaces of
the second upper openings 71a and 715 are inclined. The
angle of the side surfaces is, for example, 50 degrees.

According to the production method, even if the second
resin layer 54 has a large thickness, the etch depth of the
second upper openings 71a and 715 does not excessively
increase. Therefore, no electrodes are formed on the side
surfaces of the active waveguides.

The present invention is not limited to the above-described
first embodiment and second embodiment. For example, the
core layer 23 may have an MQW structure composed of
AlGalnAs and AllnAs or may be a bulk layer composed of
GalnAsP. The first insulating layer 51, the second insulating
layer 53, and the third insulating layer 55 can be composed of
silicon nitride (Si;N,), oxynitride (SiON), or the like. The
first resin layer 52 and the second resin layer 54 can be
composed of polyimide resin instead of BCB resin.
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Although the principles of the present invention in pre-
ferred embodiments are described, any person skilled in the
art understands that the present invention may be changed
with regard to arrangement and details without departing
from such principles. The present invention is not limited to
the particular structures disclosed in the embodiments. There-
fore, rights regarding all modifications and changes within
the scope of the claims and spirit thereof are claimed.

What is claimed is:
1. A method for producing a semiconductor optical device,
comprising the steps of:

forming a first optical waveguide and a second optical
waveguide on a principal surface of a substrate;

forming a first resin layer on the principal surface of the
substrate, on top surfaces of the first and the second
optical waveguides, and on side surfaces of the first and
second optical waveguides;

forming an opening in the first resin layer on the first
optical waveguide by etching the first resin layer to the
first optical waveguide without etching the first resin
layer on the second optical waveguide;

forming a first electrode in a part of the opening, the first
electrode being in contact with the top surface of the first
optical waveguide through the opening;

forming a second resin layer on the first electrode and on
the first resin layer, the second resin layer filling the
opening;

forming a groove by etching the second resin layer on the
first electrode without etching the second resin layer on
the second optical waveguide until a top surface of the
first electrode is exposed;

forming a second electrode on the second resin layer, on a
side surface of the groove, and on the top surface of the
first electrode; and

forming a third electrode on the second electrode, wherein

in the step of forming the groove, the groove is formed to
have a width smaller than a width of the first electrode at
a bottom surface of the groove,

the third electrode is configured to fill the groove,

the second and third electrodes have a region in which the
second and third electrodes pass over the second optical
waveguide, and

in said region, the first and second resin layers are disposed
between the second electrode and the second optical
waveguide, the second electrode being separated in a

10

15

20

25

30

35

40

14

direction perpendicular to the principal surface of the
substrate at a predetermined distance from the top sur-
face of the second optical waveguide.

2. The method according to claim 1, wherein the second
resin layer has a thickness larger than a height of the second
optical waveguide in the region in which the second and third
electrodes pass over the second optical waveguide.

3. The method according to claim 1, wherein, in the step of
forming the first resin layer, the first resin layer has a surface
higher than the top surface of the first optical waveguide,

the surface of the first resin layer is separated at a prede-

termined distance from the top surface of the first optical
waveguide, and

the distance between the surface of the first resin layer and

the top surface of the first optical waveguide is smaller
than one half of the height of the first optical waveguide.

4. The method according to claim 1, wherein, in the step of
forming the groove, the side surface of the groove is formed
to extend in a direction substantially perpendicular to the
principal surface of the substrate.

5. The method according to claim 1, further comprising the
steps of:

before the formation of the second resin layer, forming an

insulating layer on the first resin layer and on the first
electrode; and

after the formation of the groove in the second resin layer,

etching the insulating layer using the second resin layer
as a mask until the top surface of the first electrode is
exposed.

6. The method according to claim 1, wherein, in the step of
forming the opening, the opening is formed to have a width
larger than a width of the first optical waveguide at a bottom
surface of the opening, and

in the step of forming the first electrode, the first electrode

is formed to have a width larger than the width of the first
optical waveguide.

7. The method according to claim 1, wherein the second
electrode is formed by a sputtering method, and the third
electrode is formed by a plating method.

8. The method according to claim 1, wherein, in the step of
forming the groove, the groove is formed to extend in a
direction parallel to the first optical waveguide, and the side
surface of the groove is formed to be entirely surrounded by
the second resin layer.
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